To identify biologically relevant groupings or clusters of nuclear receptors (NR) that are associated with breast neoplasia, with potentially diagnostic, discriminant or prognostic value, we quantitated mRNA expression levels of all 48 members of the human NR superfamily by TaqMan lowdensity array analysis in 116 curated breast tissue samples, including pre-and postmenopausal normal breast and both ER␣ ϩ and ER␣ Ϫ tumor tissue. In addition, we have determined NR levels in independent cohorts of tamoxifen-treated ER␣ ϩ and ER␣ Ϫ tissue samples. There were differences in relative NR mRNA expression between neoplastic and normal breast, and between ER ϩ and ER Ϫ tumors. First, there is overexpression of the NUR77 subgroup and EAR2 in neoplastic breast. Second, we identify a signature of five NR (ER␣, EAR2, NUR77, TR␣, and RAR␥) that classifies breast samples with more than 97% cross-validated accuracy into normal or cancer classes. Third, we find a novel negative association between five NR (TR␤, NUR77, ROR␥, COUP-TFII, and LRH1) and histological grade. Finally, four NR (COUP-TFII, TR␤, PPAR␥, and MR) are significant predictors of metastasis-free survival in tamoxifen-treated breast cancers, independent of ER expression. The present study highlights the discriminant and prognostic value of NR in breast cancer; identifies novel, clinically relevant, NR signatures; and highlights NR signaling pathways with potential roles in breast cancer pathophysiology and as new therapeutic targets. 
F
or over a century it has been recognized that many breast cancers are hormone dependent, at least at the initial stages of the disease. The ongoing management of estrogen receptor (ER)␣ ϩ tumors after surgery and/or radiotherapy in postmenopausal women involves the administration of the tissue-selective ER antagonist tamoxifen or aromatase inhibitors, which block conversion of adrenal androgens to active estrogens (1) . In breast can-cer, determining the levels of ER␣ [and of progesterone receptor (PR)] has been central to management for almost 40 yr, acting as a guide to treatment, and at least in the short term, to prognosis. Typically, however, tumors that are ER Ϫ and/or PR Ϫ are unresponsive to hormonal treatments, and most ER ϩ PR ϩ tumors contain clones of nonresponsive cells, which may contribute to the development of estrogen resistance and underlie the incidence of ER Ϫ metastases from ER ϩ primaries. There is thus a compelling reason to identify new markers of sensitivity/resistance to hormonal therapy and ultimately leading to new therapeutic targets. Identification of the epidermal growth factor receptor in a proportion to of breast cancers, and antibody therapy directed thereto, is one example of this need being addressed (2) . Other possible interventions may thus involve members of the nuclear receptor (NR) superfamily other than those (ER and PR) most commonly studied. Members of the NR superfamily play major roles across human biology: in reproduction, development, growth, metabolism, and homeostasis. In terms of pathophysiology, they play key roles in the cardiovascular and immune systems, the central nervous system, the musculoskeletal system and, most relevant to the present study, in the genesis and progression of cancer (3) . The 48 members of the human NR superfamily comprise transcription factors responsive to endogenous or exogenous ligands, including steroids, retinoids, dipeptides, and lipids as well as xenobiotics. The NR superfamily also includes the orphan receptors, which lack characterized endogenous and/or synthetic ligands. Rapidly emerging evidence suggests that although many of these orphan NR operate in a ligand-independent manner, endogenous compounds are being increasingly identified that modulate the activity of many orphan NR.
To date, in addition to ER and PR, a number of superfamily members have been reported to be associated with breast cancer, including AR, GR, PPAR, RAR, and RXR (3); we use IUPHAR trivial names for the NR, with alternative names/nomenclature shown in Supplemental Table 1 (published on The Endocrine Society's Journals Online web site at http://mend.endojournals.org). All of these have defined ligands and have been shown either to be aberrantly expressed or to have prognostic value. There have also been studies on orphan NR in breast cancer, including the ERR, DAX-1, NUR77, LRH1, and ROR␣ (4). All of these studies have focused on one NR or a subset of the NR superfamily, with the attendant strengths (and limitations) of such a focus: they have not set out to take a systems approach to the disease, nor addressed the importance of each of the 48 NR superfamily members in that context.
Previous systems approaches to the functional biology of NR have provided novel insights into tissue-specific members of the superfamily, enabling the identification of new subgroupings based on physiological function rather than ligand (5). Furthermore, although Holbeck et al. (6) profiled NR expression in 51 human cancer cell lines including breast cancer, a systematic analysis of NR expression in normal and neoplastic breast has not been undertaken to date. Given the established roles of some receptors (ER and PR) in growth and development in the breast, and the extraordinary metabolic demands on the lactating breast, we postulated that other NR may have as yet unexplored involvement in breast physiology and pathophysiology, most notably in breast cancer.
As a first step to test this hypothesis, we have determined expression levels of the human NR superfamily across a very carefully curated group of samples, including normal pre-and postmenopausal breast tissue and both ER ϩ and ER Ϫ breast tumors. In this way, we hope to identify biologically relevant groupings or clusters of NR that are associated with breast neoplasia, with potentially diagnostic, discriminant, or prognostic value. In addition, this analysis will serve as a scaffold for additional studies on pathways and mechanisms in breast tissues, deepening our understanding of the pathophysiology and allowing the possibility of novel therapeutic interventions.
Materials and Methods

Human breast tissue cohorts
Data and deidentified breast tissue samples (either fresh-frozen tissue or purified total RNA) were obtained from the tissue banks listed in Acknowledgments. The study was approved by the human research ethics committees of the participating institutions.
Of the breast tissue samples used in this study, 66 individual cases of primary invasive ductal carcinoma with associated histopathological grades and clinical information (age at diagnosis; ER, PR, and HER2 status; and hormone replacement therapy history), were the ER ϩ and ER Ϫ cohorts. In terms of ER status as classified immunohistochemically by tissue banks, samples with very high (scores of 2ϩ or higher) ER expression (ER ϩ group) or no (negative) ER expression (ER Ϫ group) were requested. Fifty normal breast samples, with no known history of breast disease, were collected after breast reduction mammoplasty or from women who had volunteered normal breast biopsy tissue.
In addition to the immunohistochemical ER ϩ /ER Ϫ classification provided by the tissue banks, the range of ER mRNA expression values (as generated by the TaqMan PCR assays) in the individual samples was examined. An unambiguous ER mRNA expression value cutoff point between ER ϩ and ER Ϫ samples was chosen, and any samples in the overlap expression zone were not included in the final cohorts.
To be included in the cohort, samples were required to display a defined level of cellularity, low inflammatory cell content, and low fat content. The majority (80%) of cancer tissues contained more than 75% tumor, and most (68%) of the normal tissues contained 50% normal epithelium. For cases that did not meet these cellularity criterion, only those cases with low inflammatory cell and adipocyte content were deemed suitable for inclusion.
The four breast tissue groups in this study were ER ϩ (n ϭ 33; mean age ϭ 58.8 yr, age range ϭ 36 -90 yr), ER Ϫ (n ϭ 33; mean age ϭ 53.2 yr, age range ϭ 27-85 yr), premenopausal normal (n ϭ 30; mean age ϭ 37.6 yr, age range ϭ 20 -46 yr), and postmenopausal normal (n ϭ 20; mean age ϭ 60.4 yr, age range ϭ 28 -78 yr). All analyses in this study used the combined normal sample groups (n ϭ 50) as the normal breast cohort (mean age ϭ 49 yr, age range ϭ 20 -78 yr).
Tissue RNA extraction
Fresh-frozen breast tissue was homogenized in QIAzol lysis reagent (QIAGEN, Valencia, CA). Total RNA extraction and purification was conducted using RNeasy lipid tissue mini kit (QIAGEN) according to manufacturer's instructions. Total RNA quantification and quality was assessed using a NanoDrop spectrophotometer (NanoDrop Technologies) and an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively. Thirty breast tissue samples obtained and not included in this study were discarded based on either poor RNA quality and/or cellularity criteria as previously defined.
TaqMan low-density array (TLDA)
Commercial micro fluidic cards, the TaqMan low-density NR gene signature arrays (Applied Biosystems, Foster City, CA; catalog item 4379961), containing an exclusive set of TaqMan gene expression assays for the 48 NRs and 16 internal controls [18S eukaryotic rRNA; ACTB, ␤-actin; ␤2M, ␤2-microglobulin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GUSB, ␤-glucuronidase; HMBS, hydroxymethylbilane synthase; HPRT1, hypoxanthine phosphoribosyltransferase 1 (Lesch-Nyhan syndrome); IPO8, importin 8; PGK1, phosphoglycerate kinase 1; POLR2A, polymerase (RNA) II (DNA directed) polypeptide A, 220 kDa; PPIA, peptidylprolyl isomerase A (cyclophilin A); RPLP0, ribosomal protein, large, P0 (same as 36B4 in mouse); TBP, TATA box-binding protein; TFRC, transferrin receptor (p90, CD71); UBC, ubiquitin C; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, -polypeptide] were used to profile gene expression. These controls include 18S rRNA, GAPDH, and 36B4, which are validated real-time PCR controls from NURSA-supported NR profiling studies (7) . The geNorm software embedded within the ABI/Intergromics StatMiner version 4.1 software package was used to compute least expression variation and select the most appropriate, stable, and robust combination of internal control genes with which to normalize the expression data (against the mean of the most stable controls).
For each sample, 1.5 g total RNA was reverse transcribed with random hexamers with SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA) in a total volume of 45 l. A total of 100 l reaction mixture containing 50 l cDNA template (333 ng) in ribonuclease-free water and an equal volume of TaqMan universal master mix (Applied Biosystems) was added to each TLDA fill reservoir. Four reservoirs per sample were filled. The TLDA includes all NRs and endogenous controls in triplicate. After sealing the plate, it was run on an ABI 7900HT real-time instrument (Applied Biosystems). Benjamini-Hochberg false discovery rate (FDR) correction was used to conservatively filter data, adjust P values, and control for false positives (7, 9) . For analysis of relative expression, a workflow was developed to automate the processing of raw TLDA results files and generate N ϫ X relative expression values, where N is the number of genes in the TLDA experiment, and X is the number of samples. We designed a Pipeline Pilot workflow to read the results files from the TLDA analysis (see Supplemental Fig. 1 ).
Data analyses
Relative quantification, i.e. the calculated fold differences (between the target and the calibrator/reference sample/tissue) are displayed as valid when the Ct values of the gene in the target and calibrator/reference samples were below 35 cycles. Moreover, fold differences are flagged as target not detected, calibrator not detected, and no detection (i.e. expression in either tissue) when the Ct value of the gene(s) in 50% or more of the target, calibrator, and/or both tissues/samples are over 35 cycles (i.e. the arbitrarily selected threshold limit), respectively. When the Ct value of the target or calibrator/reference is greater than 40 (weakly expressed), the algorithm cannot accurately/precisely calculate expression of the transcript in these samples. The fold difference assigned may not therefore, be absolutely correct, but the assignment of an increase or decrease relative to the control is correct (10) . The data generated by the ABI SDS software from the ABI7900 instrument do not normally contain missing Ct values, and Ct values are assigned beyond the arbitrarily set threshold (Ct 35) up to a maximum Ct 40. In situations where the sample is undetected, with Ct values beyond the maximum Ct 40, the StatMiner software imputes a value, set to the maximum Ct.
Gene expression analysis
The gene expression dataset has been previously described (11, 12) . Normalized data were used. Genes were matched to Entrez-Gene IDs. If multiple probe sets existed, the one with the highest variance was used. A Cox proportional regression model was used to estimate hazard ratios and 95% confidence intervals for distant metastases-free survival in relation to the expression of the various genes as a continuous variable with adjustment for classic prognostic factors: tumor size (T1 vs. T2), nodal status (positive vs. negative), ESR1 gene expression (continuous), and histological grade (grade 1 vs. 2 vs. 3), using the change in the likelihood ratio 2 value. No adjustment for multiple testing was performed because these analyses were considered exploratory.
Other statistical analyses, including Spearman rank correlation analyses, Mann-Whitney U tests, Jonckheere-Terpstra tests, and discriminant function analysis and univariable ANOVA were conducted using the PASW Statistics Package, versions 17 or 18 (IBM SPSS, Chicago, IL). Taking account of the 820 (ϭ 41 C 2 ) multiple comparisons, which represents all possible pairwise comparisons of 41 NR, rank associations were deemed to be of interest if the absolute value of the Spearman rank correlation coefficient was greater than or equal to 0.6 (normal cohort) or 0.65 (cancer cohorts), and the P value was Ͻ0.00006 (ϭ0.05/ 41 C 2 ). Hierarchical cluster analysis was carried out using the Broad Institute genomic analysis platform GenePattern (http://www.broadinstitute.org/cancer/software/genepattern).
Results
The majority of the NR superfamily members are expressed in the human breast
To determine the expression of all 48 NR in 116 breast samples [normal breast (n ϭ 50, 30 pre-and 20 postmenopausal); ER␣ ϩ (n ϭ 33) and ER␣ Ϫ breast cancer (n ϭ 33)], we used quantitative RT-PCR with TLDA. A flow chart of the analyses that each tissue sample was subjected to is shown in Fig. 1 , and the clinical characteristics of the subjects from whom tissue was obtained as Table 1 . Figure 2 , A-C, shows the relative expression of NR in three breast cohorts (normal, ER ϩ , and ER Ϫ ) normalized against the median of four controls (IP08, PGK1, PPIA, and UBC). Forty-one of the 48 members of the human NR family were detected in this way; those not detected were DAX-1, SHP, HNF4␣, TLX, FXR␣, CAR, and SF1. Detectable NR are variably expressed within each group, with levels ranging over three to four orders of magnitude ( 
NR expression differs between normal breast and breast cancer
In addition to ER␣ and EAR2, there are major differences in NR expression between ER ϩ and ER Ϫ tumors and between tumor and normal tissue. Figure 3 shows supervised cluster analysis illustrating three patterns of NR expression in normal and neoplastic breast tissue. The first cluster (A in Fig. 3 ) contains 19 NR that are more highly expressed in normal breast than in cancer. The second cluster is of 13 NR (B in Fig. 3 ) that are more highly expressed in breast cancer. This cluster includes ERR␣, and members of the NR1, NR2, and NR4 subgroups; all three NRs in the NR4A subgroup (NUR77, NURR1, and NOR1) are in this cluster. The third cluster (n ϭ 9) (C in Fig. 3 ) contains NR that discriminate between the two cancer cohorts according to ER status, including ROR␥, AR, PNR, and ER␣.
Breast cancer is associated with overexpression of the NUR77/NR4A subgroup and EAR2 and panrepression of many NR relative to normal breast We subsequently compared qPCR profiling of the entire NR superfamily in normal breast (n ϭ 50), and in the combined neoplastic (ER ϩ and ER Ϫ ) breast cohorts (n ϭ 66) ( Fig. 4A and Supplemental Table 2 ). This shows at least a 3-fold overexpression of both NUR77 and EAR2 (both P Ͻ 10 Ϫ8 ) and at least 2-fold of NOR1 (P Ͻ 10 Ϫ3 ) in breast cancer relative to normal breast; the other member of the NR4A subgroup, NURR1, is also significantly induced (P Ͻ 10 Ϫ2 after FDR correction) in breast cancer relative to normal breast (Supplemental Table 2A ). In this context, it is interesting to note that NUR77 was expressed approximately 4-fold higher in premenopausal breast relative to postmenopausal breast. Although, NURR1 and NOR-1 were not differentially expressed in these cohorts (Supplemental Fig. 1, C and D) . No other members of the NR superfamily are overexpressed in neoplastic compared with normal breast, and over half (23 of 38) are repressed in the breast cancer cohorts ( Fig. 4A and Supplemental Table 2A ). Analysis of ER ϩ breast cancers against normal tissue showed approximately 10-fold overexpression of ER␣ (P Ͻ 10 Ϫ9 ), and considerable over expression of NUR77 Table 2D ). For a number of these, overexpression is substantial; expression of ER␣ in ER ϩ is Ͼ100-fold greater than that in ER Ϫ (P Ͻ 10 Ϫ9 after FDR), with approximately 10-fold increases in expression of AR, PR, and PNR (P Ͻ 10 Ϫ3 after FDR) ( Fig. 5 and Supplemental Table 2D ). Of the other NR, expression of RAR␣ and TR␤ was approximately 5-fold higher in the ER ϩ than the ER Ϫ group (P Ͻ 10 Ϫ3 ) ( Fig. 5 and Supplemental Table 2D ). The overall analysis of the NR differences between ER ϩ and ER Ϫ and between the combined breast cancer and normal cohorts is summarized in tabular form in Fig.  6A . The majority of the 48 human NR (41 of 48) were detected in normal breast. The majority of these (33 of 41) were significantly differentially expressed in neoplastic breast relative to normal breast (Fig. 6A ). Of these, seven NR were higher in neoplastic breast, with the rest (26) showing decreased expression (Fig. 6A) . Comparison of NR differentially expressed between normal and neoplastic breast revealed that the majority (19 of 33) of NR that differ between neoplastic and normal breast (Fig. 6A ) are common to both ER ϩ and ER Ϫ breast cancers, highlighting the major differences in expression of the NR family being between normal and neoplastic tissues. Heterogeneity in NR expression across the three cohorts was confirmed by Kruskal-Wallis nonparametric ANOVA. The majority (31 of 41 ϭ 76%) were differently expressed across the three cohorts (Supplemental Table 3 ), and those with family-wise error rates less than 0.0005 after Holm's correction for multiple comparisons are shown in Supplemental Table 3 .
Specific NR subgroups are coexpressed in the breast
We proceeded to test whether the expression of NR family members was associated by testing the rank correlation of each NR with every other NR in normal breast tissues and in ER ϩ and ER Ϫ breast cancers. Spearman rank correlation coefficients are shown in Supplemental Fig. 2 . The different correlation coefficient cutoffs for the normal and cancer cohorts reflected the differences in precision due to different numbers in these cohorts (normal, n ϭ 50; cancers, n ϭ 33 per cohort 3 . Supervised cluster analysis of NR expression in breast cohorts. The relative expression of NR in normal breast and breast cancer cases, determined by qRT-PCR, was compared by supervised hierarchical clustering analysis using GenePattern (40) . The analysis was supervised on cases, and relative expression levels of NR were clustered using a Pearson correlation. Data were median centered both on cases and NR. The resulting clusters were visualized as a heat map, using MapleTree (http://rana.lbl.gov/EisenSoftware.htm), where yellow shading represents NR expression greater than the median and blue represents expression below the median. NR grouped into three major clusters: cluster A contained NR expressed at a lower level in cancer than in normal tissue, cluster B was characterized by NR more highly expressed in malignant than normal tissue, and cluster C identified NR that discriminated between ER ϩ and ER Ϫ breast cancer.
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FIG. 4.
A-C, StatMiner analysis of breast cancer (ER ϩ and ER Ϫ , n ϭ 66) (A), ER ϩ breast cancer (n ϭ33) (B), and ER Ϫ breast cancer (n ϭ33) (C) relative to the calibrator/reference normal (pre-and postmenopausal) breast (n ϭ50). Data are presented as relative quantification (log10), i.e. the calculated fold differences with normal breast as the reference/calibrator normalized to the median of the most stable geNorm (embedded within the Statminer version 4.2 suite) selected controls (IPO8, PGK1, PPIA, and UBC) (selected from the 16 controls assayed on the TLDA) with the least expression variation. Differentially expressed genes were identified by the comparative Ct method, and significance was assigned by the nonparametric Wilcoxon (Mann-Whitney U) test (8) embedded in the Integromics StatMiner software suite. Benjamini-Hochberg FDR correction was used to conservatively filter data, adjust P values, and control for false positives (7, 9) . Significance was assigned as P Ͻ 0.001 after BenjaminiHochberg FDR. Relative quantification, i.e. the calculated fold differences [between the target (cancer) and the calibrator/reference sample (normal)] are displayed as valid, when the Ct values of the gene in the target and calibrator/reference samples are below 35 cycles. Fold differences are flagged as target not detected ( ‡), calibrator not detected ( §), and no detection (i.e. expression in either tissue), when the Ct value of the genes in 50% or more of the target, calibrator, and/or both tissues/samples, respectively, are over 35 cycles (the arbitrarily selected threshold limit). NRs (FXR␣, CAR, HNF4␣, RXR␤, TLX, SF1, DAX-1, and SHP) that were analyzed and denoted as not detected (i.e. Ct value Ͼ 35 in cancer and normal breast) have been removed. Alternating blue and pink columns and text are used for clarity and alignment purposes. Table 4A ). NR for other steroids vary in their levels of association; although GR is infrequently associated with other NR in any group, and VDR with many other NR in all three groups, MR expression is highly associated with 10 other NR in the normal breast, with Spearman rank correlation coefficients close to or exceeding 0.7 in most instances (Supplemental Table 4B 
NRs in addition to the sex steroid receptors ER␣, PR, and AR are associated with histological grade
The sex steroid receptors ER␣, PR, and AR are classically associated with histological grade, with higher levels indicative of a well-differentiated phenotype. To test whether other NR are associated with clinical characteristics of cancer tissue such as histological grade, the variation in NR expression by grade was determined by the Jonckheere-Terpstra nonparametric test. The known association of ER␣, PR, and AR with grade is recapitulated in the cohorts used in this study (Table 2) . Five other NR vary in their expression across different grades: LRH1, TR␤, NUR77, ROR␥, and COUP-TFII ( Table 2) . The relationship is negative in that these NR are more highly expressed in better-differentiated, lower-grade lesions. These eight NR identified in our dataset as associated with histological grade (Table 2) were examined in an independent publicly available dataset of 354 tamoxifentreated ER ϩ breast cancers (13) . Six of the eight NR are significantly associated with histological grade (Table 3) . Based on the strong contribution of proliferation to histological grade, we examined the association with the proliferation marker Aurora K, a component of the rep- lication licensing machinery measured at the transcript level and therefore comparable with NR expression in these analyses. Five of the same six NR confirmed as associated with histological grade in the independent dataset were significantly associated with Aurora K expression (Table 3) , further implicating this signature in the pathogenesis of these tumors.
A signature of five NRs is sufficient to classify breast tissues
After investigating the pairwise associations between NR summarized in Fig. 6 , we explored the possibility that an NR signature could discriminate normal breast from ER ϩ and ER Ϫ tumors. Five-fold cross-validated discriminant function analysis was used to determine whether the Table 5 , A-C). Five NR (TR␣, ER␣, NUR77, EAR2, and RAR␥) were sufficient for discrimination. ER␣ was by far the most highly associated with discriminant function 1, which divides ER ϩ from ER Ϫ breast cancers. TR␣ was by far the most highly associated with discriminant function 2, which discriminates between normal and cancer. The discriminant functions accurately predict the cohort to which a specific case belonged, with cross-validated accuracy of 97.4% (Supplemental Table 5 , A-C). Specifically, although ER ϩ cancers are perfectly classified, one normal case was misclassified as an ER ϩ breast cancer, and two ER Ϫ breast cancers were misclassified as normal. This is also illustrated in a scatter plot of discriminant function scores (Fig. 7) , which reinforces the remarkable separation of cases into the three cohorts, with the slight overlap at the boundaries of the normal and ER Ϫ scatter plots reflecting the very small percentage of misclassified cases.
TR␤, COUP-TFII, MR, and PPAR␥ are independent predictors of metastasis-free survival in tamoxifentreated patients
Finally, as an exploratory analysis, we evaluated clinical outcome associations in an independent dataset of ER ϩ breast cancers from patients with available clinical data, all of whom had received adjuvant tamoxifen monotherapy (13, 14) . When TR␤, COUP-TFII, MR, and PPAR␥ are evaluated individually in a Cox regression hazards model, all are independent predictors of better distant metastasis-free survival after adjustment for expression of ER␣ (ESR1 mRNA expression) and for other clinical prognostic factors known to be of value in hormone therapy-treated ER ϩ breast cancers (11) . Thus, this novel NR signature provides an additional contribution to long-term prognosis independent of ER ϩ status and therefore could be interesting for further therapeutic development (Table 4) .
Discussion
Profiling of the human NR superfamily has identified differential and selective expression of NR between normal and neoplastic breast tissues. It has established patterns of association between members of the NR superfamily across normal/ER ϩ /ER Ϫ samples and, in addition, shown that particular associations of receptors have both diagnostic and prognostic significance in breast cancer.
In terms of overall expression in normal breast, NR levels are similar in pre-and postmenopausal tissues. Many of the highly expressed NRs in either normal group are common to both. The exceptions are HNF4␣, expressed at relatively low levels postmenopausally and at vanishingly low levels in the premenopausal group; NUR77, at relatively high levels premenopausally and at lower levels in postmenopausal patient samples; and ER␤, which shows increased expression in postmenopausal breast. A coherent physiology across the NR superfamily can be attempted only once such questions are answered and also (crucially but with obvious difficulty) when similar biopsy samples are obtained during pregnancy and lactation.
In the context of potential therapeutic exploitation in breast cancer, one notable feature of the data is the aberrant expression of the entire NR4A subgroup in breast cancer. We observed striking overexpression of the NR4A subgroup in ER ϩ and ER Ϫ breast relative to normal breast; high expression of NUR77 was associated with lower histological grade, and NUR77 was one of only five NR with a discriminant role in the classification of breast tissue. The negative correlation of NUR77 ex- The eight NR identified in our dataset to be associated with histological grade were tested in an independent publicly available dataset of tamoxifen-treated ER ϩ breast cancers. All but LRH-1 and TR␤ were significantly associated with Aurora K, and all except NUR77 and LRH-1 were significantly associated with histological grade (above). pression with histological grade is interesting in the context of significant down-regulation of this NR in the preto postmenopausal normal breast (Supplemental Fig. 1 , C and D). NR in the NR4A subgroup are crucial regulators of metabolism, muscle, and energy homeostasis (15) . In the brain, they play a role in neuroprotection after stress (16) and have been implicated in vascular remodeling (15) . Until recently, NR4A NR were not known to play roles in cells of the epithelial lineage, nor have they been implicated in cancers. Recently, however, NUR77 has been identified in pancreatic cancer, with expression higher than in nontumor tissues (17) , and even more recently, modulation of expression of the NUR77 subgroup has been shown in many types of cancers (18) . Furthermore, NUR77 transcripts have been identified in a microarray study as up-regulated in primary breast cancer compared with normal breast (19) , and in cell lines, NUR77 reduces cell migration (19) , suggesting a potential influence on metastasis and consistent with its role as one of five NRs with a discriminant function.
The emerging data on the NUR77 subgroup suggest that they may provide new targets for therapeutic intervention in breast cancer. Further supporting this is the observation that this subgroup of NR can be modulated by the antineoplastic, antiinflammatory, and immunosuppressive purine antimetabolites (e.g. 6-mercapotopurine) (20) , 5-fluorouracil, cytosporine B, etc. that have demonstrated therapeutic utility and have been exploited against several cancers (18) . Furthermore, in the context of purine antimetabolites, the incidence of breast cancer is decreased in chronically immunosuppressed women (21) . Currently, several clinical trials are underway examining the utility and efficacy of 6-meracaptopurine and methotrexate in breast cancer (http://www.controlled-trials.com/ISRCTN63150635).
Another salient finding of this study is the considerable overexpression of EAR2 (an orphan member of the COUP-TF-like family) in ER ϩ and ER Ϫ breast tissue relative to normal and its abundant expression relative to other NR in both the ER ϩ and ER Ϫ cohorts. Our studies show that EAR2 is part of a five NR signature sufficient to accurately classify breast tissue. Although there have been no systematic studies of EAR2 in breast cancer, it has been shown to negatively regulate aromatase expression in breast cancer cell lines by binding directly to the aromatase promoter (22) . The other members of the COUP-TF subgroup, COUP-TFI and -II, were significantly decreased in (ER ϩ and ER Ϫ ) breast cancer; COUP-TFII expression was negatively correlated with histological grade and was an independent predictor of improved distant metastasis-free survival after adjustment for expression of ER␣. In this context, Nagasaki et al. (23) showed that (24) and stimulates breast cancer cell proliferation, invasion, and migration in vitro (25) . Known target genes in breast include aromatase (26) and ER␣ (27) . LRH-1 expression is itself regulated by ER␣ (28) and thus appears to be intimately involved in estrogen signaling. The reasons for this difference between tissue-and cellbased studies remain to be explored, as do the precise roles of LRH-1 in breast cancer in vivo.
Relatively little is known about TR expression in breast cancer. Several studies reported decreased TR␣/␤ expression in breast cancers (29 -32) and postulated that TR␤ functioned as a tumor suppressor in this cancer. The mechanism of lowered TR␤ expression appears to be in part related to aberrant promoter hypermethylation (30) . In addition, Guigon et al. (33) generated a knock-in TR␤ mutation model and showed that the mice develop accelerated mammary tumors. Lowered expression of TR␤ is consistent with the observations that EAR2 operates as a negative coregulator (34) . Our data suggest novel previously unrecognized roles for TR␣ and TR␤ in breast cancer, with both TR genes clearly down-regulated in ER ϩ and ER Ϫ cancer compared with normal tissue. TR␤ was one of only two NR with expression that associated with that of other NR in normal breast, whereas TR␣ was associated with other NR only in cancer (ER ϩ /ER Ϫ ), suggesting divergent and selective expression patterns for each isoform. TR␣ was one of five NR providing powerful discriminant information to classify breast tissue; TR␤ was negatively correlated with histological grade and was an independent predictor of improved distant metastasisfree survival in tamoxifen-treated patients. Taken together, these data provide strong evidence for specific roles for TR in breast cancer; TR␤ is seen as a key tumor suppressor molecule, of which restoration and/or preservation of expression may be important clinically. TR␣, on the other hand, appears to provide diagnostic information at presentation. TR could potentially be thus useful as biomarkers, as diagnostic tools (TR␣) and as prognostic markers of outcome to various therapies (TR␤). Our data identified PPAR␥ as a predictor of metastasis-free survival in tamoxifen-treated patients, independent of ER expression. PPAR␥ has been previously identified as an independent prognostic factor in ductal carcinoma (35) , although several clinical studies did not display the expected therapeutic outcomes with glitazones (36 -38) . This notwithstanding, there is indirect evidence that modulation of PPAR signaling, as occurs in type 2 diabetics being treated with glitazone and/or metformin, can lead to improved clinical outcomes in those diabetics that develop breast cancer (39) . Taken together, the results of this study strengthen the inference that there may be potential therapeutic utility of targeting PPAR␥ in breast cancer in addition to other NRs in combination therapy.
The identified differences, outlined above, in the expression of various NRs between normal and neoplastic breast, or between ER ϩ and ER Ϫ breast cancers, should be considered as markers, and further accrual of data, from genetic and pharmacological studies, will provide insights into the putative mechanistic roles of NR in breast cancer. For example, a recent report into the clinical significance of aberrant NR expression in breast cancer revealed increased PNR in ER ϩ breast cancers (12) .
PNR was shown to directly regulate ER␣ expression and was significantly associated with recurrence-free survival in tamoxifen-treated ER ϩ breast cancer patients.
To further identify potential interactions between NRs in the breast, we documented the associations between members of the NR superfamily. The results were surprising in three ways. The first is the relative paucity of close associations between the classic NR considered in breast cancer, ER, PR, and AR, with other NR across the three groups, normal, ER cancer. The finding that MR both powerfully discriminates the three cohorts and predicts survival in a cohort of ER ϩ tumors was unexpected. The physiology of MR in mammary epithelium is obscure; presumably, MR is occupied by cortisol, rather than being mineralocorticoid selective, in these epithelial cells. One possibility is that cortisol-occupied MR may play a crucial role in cellular apoptosis and milk formation under the stimulus of prolactin. A corollary of such a hypothesis is that this action in the late pregnant mammary gland is blocked by the high levels of progesterone. This would suggest that diminished MR expression during the neoplastic process may be in effect antiapoptotic; alternatively, the decreased MR levels in neoplasia may be simply a bystander effect.
In terms of histological grade, the between-NR associations vary across the spectrum. Although degree of significance does not necessarily translate into functional importance, the five NR most significantly associated with histological grade (PR, LRH-1, AR, ER␣, and TR␤) show very low levels of association, although the TR␤ associations are uniquely in normal tissue. At the other end of the spectrum are NUR77, COUP-TFII, and ROR␥. In the Jonckheere-Terpstra test, these three latter NR are significantly associated with histological grade and with the proliferation marker Aurora K as well as the classic ER/PR/AR. The different distribution of association with histological grade, NUR77 vs. COUP-TFII and ROR␥ in ER Ϫ tissue, may point to different roles for NUR77 in terms of histological grade from those of COUP-TFII or ROR␥, either driving (NUR77) or protecting against (COUP-TFII andϽmedϾ ROR␥) dedifferentiation.
The patterns of NR association similarly do not tightly align with the outcomes of the discriminant function analyses, which show five NR (ER␣, TR␣, NUR77, EAR2, and RAR␥) to be sufficient for high-level discrimination between normal breast and ER ϩ and ER Ϫ breast cancer.
NUR77 might be held on the basis of association to discriminate normal from ER Ϫ , and perhaps EAR2 from cancer, and TR␣ to discriminate between ER ϩ and ER Ϫ tissue. In the tamoxifen-treated cohort of ER ϩ tumors, four NR are predictive of metastasis-free survival. Of these four, three (TR␤, MR, and PPAR␥) have no associations with other NR in ER ϩ tumors; a cautious inference might thus be that absence of such associations is protective in terms of disease-free survival. In contrast, COUP-TFII has associations with other NR in ER ϩ tumors and none in ER Ϫ tissue; again, a cautious extrapolation might be that the presence of such associations with COUP-TFII is protective in terms of disease-free survival. In summary, this systematic study of NR expression and between-NR associations, across the gamut of 48 human NR, has provided very significant evidence for the substantial differential expression of NR in breast cancer. Moreover, they also provide markers for finer histological grading, for high-level distinction between normal, ER ϩ , and ER Ϫ tissue, and perhaps most importantly as a prognostic indicator of disease-free survival in ER ϩ patients. Current studies on NR-null mice and on tumor cell lines are in progress to examine a range of the questions raised and, furthermore, to define mechanisms and pathways. In the meantime, the value of these novel biomarker signatures for histological stage, discrimination, and prognosis should not be underestimated. The rigorous NR expression analysis expands the horizon of therapeutic intervention and also highlights unanticipated questions; for example, the clinical significance of increased expression of the NUR77 subgroup and the remarkable suppression of MR associations in ER ϩ tumors compared with its promiscuous association with NR in ER Ϫ and normal breast. 
